The relative high field transport efficiency and short wavelength electroluminescence ͑EL͒ potential of the phosphors ZnS and SrS for alternating-current thin-film electroluminescent ͑ACTFEL͒ device flat-panel display applications are assessed via a comparison of the EL spectra of ZnS and SrS ACTFEL devices prepared in a very similar manner and doped with the same lanthanide luminescent impurities: Dy, Er, Ho, Tb, and Tm. For all of the lanthanide luminescent impurities studied, it is found that the the higher energy EL peaks are much more intense for SrS than for ZnS, even though the average phosphor field in SrS is smaller than in ZnS. These observations show SrS to be a superior high-field electron transport material compared to ZnS. All of the ZnS EL spectra show a dramatic cut off in their EL intensities at about 440-460 nm; this suggests that ZnS is not an appropriate phosphor for blue light emission since its electron distribution does not appear to be adequately heated to efficiently excite blue luminescent impurities.
I. INTRODUCTION
ZnS and SrS are the two most common phosphors employed in alternating-current thin-film electroluminescent ͑ACTFEL͒ flat-panel displays. 1 To obtain electroluminescence ͑EL͒ from these materials, the phosphor is intentionally doped with transition metal or lanthanide luminescent impurities.
Several studies have reported the EL spectra of lanthanide doped ZnS [2] [3] [4] or SrS [5] [6] [7] phosphors for a variety of lanthanide luminescent impurities. These studies reveal that there are often differences in the relative peak intensities in the EL spectra of the same lanthanide luminescent impurity, depending on whether it is present in ZnS or in SrS. This result is somewhat surprising, especially for lanthanides whose spectra arises from 4f-4f transitions which are well shielded from the surrounding lattice so that crystal field effects are not expected to play a major role in determining the luminescent spectra. Okamoto et al. point out that although some of these differences in the EL spectra arise from differences in the branching ratios of the emitting level, which may be attributed to crystal field effects, there is a distinct tendency for the the higher energy lanthanide transitions to be more intense when doped in SrS; they assert that it is unlikely that this trend is due to crystal field effects. [5] [6] [7] Rather, Okamoto et al. believe that these high energy trends are more likely due to either the nature of the luminescent impurity excitation mechanism ͑i.e., impact excitation or impact ionization 8 ͒ or due to more a energetic hot electron distribution in SrS compared to ZnS.
The present work is a comparative study of the EL spectra of ZnS and SrS ACTFEL devices prepared in a very similar manner and doped with the same lanthanide luminescent impurities, namely Dy, Er, Ho, Tb, and Tm. This direct comparison provides evidence that the electron distribution is significantly hotter in SrS than in ZnS, even though the average phosphor field is smaller in SrS. Moreover, the ZnS ACTFEL devices fabricated for this study exhibit very little, if any, positive space charge in the phosphor whereas all of the SrS ACTFEL devices possess some space charge. Therefore, it is likely that at least part of the reason that SrS ACTFEL devices exhibit superior high field transport properties is related to the tendency of SrS phosphors to possess more space charge than ZnS phosphors. Finally, the hot electron distribution in ZnS does not appear to be sufficiently energetic to efficiently excite luminescent impurities appropriate for the short wavelength portion of the visible spectrum, as witnessed by the fact that the ZnS EL spectra invariably cuts off at about 480 nm, independent of the luminescent impurity employed.
II. EXPERIMENTAL PROCEDURE
The ACTFEL devices employed in this study are fabricated as follows. First, a SrS:LnF 3 ͑where LnF 3 ϭDyF 3 , ErF 3 , HoF 3 , TbF 3 , or TmF 3 ͒ thin-film phosphor layer, with a typical thickness of 800-1000 nm, is deposited onto a glass substrate coated with layers of indium tin oxide and aluminum-titanium oxide which serve as the bottom transparent contact and the bottom insulator, respectively, of the ACTFEL device. 
III. EXPERIMENTAL RESULTS AND DISCUSSION
The EL spectra for the ZnS and SrS lanthanide doped ACTFEL devices tested in this study are shown in Figs. 1-5 . Figure 1 shows a comparison of the normalized EL spectra of ZnS:Tb and SrS:Tb ACTFEL devices. The most important aspect of Fig. 1 ͒ are clearly evident in the SrS:Tb spectrum. This is evidence that the hot electron distribution is much more heated above ϳ470 nm ͑i.e., ϳ2.64 eV͒ in SrS compared to ZnS. Note that the normalized ZnS EL spectra shown in Fig. 1 is virtually identical to an EL spectrum obtained for a sputtered ZnS:Tb ACTFEL device fabricated at Planar Systems; thus, we believe that our EL spectra are representative of the general behavior of ZnS and SrS phosphors and are not peculiar to our method of fabrication. Figure 2 shows a comparison of the normalized EL spectra of ZnS:Tm and SrS:Tm ACTFEL devices. Note that the ZnS:Tm device is so dim that it was necessary to employ a frequency of 5000 Hz in order to obtain a measurable EL intensity. The ZnS:Tm EL spectra is dominated by infrared emission, which peaks at about 800 nm. The ZnS:Tm EL spectrum also shows a small blue emission feature, but it is much dimmer than that evident in the SrS:Tm spectrum. Additionally, the ZnS:Tm EL film exhibits a very weak EL signal out to the high-energy detection limit of our spectrophotometer, i.e., 380 nm or 3.26 eV, but the signal is about 100 times weaker for ZnS than for SrS. Thus, if this EL intensity difference is ascribed to differences in the hot electron distribution, it appears that the high energy tail of the hot electron distribution in SrS is approximately 100 times larger than for ZnS even though the phosphor field for the SrS device is 1.3 MV/cm compared to 2.1 MV/cm for the ZnS device ͑see Table I͒ . Figure 3 shows a comparison of the normalized EL spectra of ZnS:Dy and SrS:Dy ACTFEL devices. Note that two SrS:Dy EL spectra are included ͑unaged and aged for 12 h at 40 V above threshold at 1000 Hz͒ since this device exhibited an unusual color shift with aging. This aging color shift arises from a supression of part of the high energy EL intensity during aging; the aging mechanism giving rise to this trend is not understood at this time. The primary point to notice from Fig. 3 is that the intensity of the SrS:Dy ACTFEL spectral features is enhanced for both of the high energy peaks ( trend is consistent with SrS having a hotter electron distribution than ZnS. However, note that the relative peak heights of the SrS spectra differ appreciably from that observed in ZnS. Figure 4 shows a comparison of the normalized EL spectra of ZnS:Ho and SrS:Ho ACTFEL devices. These two EL spectra are dramatically different. These differences arise primarily from the fact that the electrons in ZnS are not energetic enough to excite the higher energy , and some other minor peaks͒ present in SrS that are not present in ZnS. Of particular significance is the fact that for SrS the most intense peak is the 4 G 11/2 -4 I 15/2 UV peak located at about 385 nm ͑i.e., ϳ3.22 eV͒; this suggests that the SrS electron distribution may actually peak at energies corresponding to the ultraviolet ͑UV͒ portion of the electromagnetic spectrum; if true, it is conceivable that the SrS electron distribution is sometimes too energetic for optimal ACTFEL performance. Whether this is the case cannot be unambigously determined from the present study. However, Fig. 5 provides very convincing evidence that the electron distribution in SrS is much hotter than in ZnS, even though the average fields are 1.2 and 1.8 MV/ cm, respectively.
A summary of selected properties of these devices is given in Table I . The first three columns represent, respectively, an assessment of the relative amount of capacitancevoltage ͑C-V͒ overshoot, transferred charge capacitance (dQ max /dV max ) overshoot, and trailing edge ͑TE͒ luminescence found in each device. These three measurements are 
of the overshoot compared to the insulator capacitance for C-V and dQ max /dV max measurements and the peak intensity of the TE edge luminescence compared to the peak intensity of the leading edge luminescence. Also tabulated is the steady-state phosphor field (F ss ), the luminance ͑L at 40 V above threshold at a frequency of 1000 Hz, except for ZnS:Tm* which is so dim that a frequency of 5000 Hz was used͒, and the color coordinates ͑CIEx, CIEy͒ for ZnS and SrS ACTFEL devices doped with various lanthanide luminescent impurities. useful for estimating the relative amount of positive space charge present in these devices. 9-18 Considerable C-V or dQ max /dV max overshoot or high TE luminescence implies that significant space charge exists in the phosphor, hence, the electric field across the phosphor layer is not uniform. Additionally, the existence of TE emission is strong evidence that the excitation of luminescent impurities occurs via a luminescent impurity ionization process instead of impact excitation. 10, 11, 16 The percentages included in the table reflect the peak of the overshoot compared to the insulator capacitance for C-V and dQ max /dV max measurements and the peak intensity of the TE edge luminescence compared to the peak intensity of the leading edge luminescence. The fourth column of Table I shows the steady-state phosphor field (F ss ) as estimated via Q-F p analysis for an applied voltage of 40 V above threshold. F ss is evaluated as the constant, or nearly constant, vertical part of a Q-F p curve that occurs during the rising edge portion of the applied voltage wave form above turn-on. 9 It is important to note that F ss is a relatively good estimate of the phosphor field for ACTFEL devices that do not possess space charge; in contrast, for ACTFEL devices with positive space charge, F ss is a measure of the average electric field in the phosphor, and the cathode ͑anode͒ field is larger ͑smaller͒ than F ss . Finally, the last three columns of Table I include the luminance ͑L͒ at 40 V above threshold and 1000 Hz ͑except for ZnS:Tm which is so dim that a frequency of 5000 Hz was used͒, and the color coordinates ͑CIEx, CIEy͒ for ZnS and SrS ACTFEL devices doped with various lanthanide luminescent impurities.
Analysis of Table I allows one to observe some interesting trends. First, note that differences in the CIE coordinates of the SrS and ZnS are all consistent with SrS ACTFEL devices having a ''blue shift'' in which the spectra are shifted to higher energies; this is consistent with SrS having a hotter electron distribution. Second, note that all of the ZnS devices have a significantly larger average phosphor field of 1.8-2.1 MV/cm compared to the 1.2-1.45 MV/cm average phosphor field found for SrS ACTFEL devices. Third, note that the C-V and the dQ max /dV max -V max overshoot trends and the TE luminescence trends are consistent with ZnS ACTFEL devices having very little, if any, positive space charge, whereas all of the SrS ACTFEL devices tested appear to possess some positive space charge. Thus, these results suggest that the electric field is more uniform in ZnS phosphors than in SrS phosphors, since positive space charge seems to always be present in SrS phosphors. The presence of positive space charge means that the cathode ͑anode͒ field is significantly larger ͑smaller͒ than the average fields reported in Table I . Undoubtedly, part of the improved high energy performance of SrS compared to ZnS ACTFEL devices is associated with the presence of this space charge. However, the very large differences seen in Table I between the average phosphor fields of SrS and ZnS ACTFEL devices lead us to suspect that in addition to its tendency to form more positive space charge, the high field transport properties of SrS are superior to those of ZnS. Fourth, note that very little, if any, TE luminescence is detected in the ACTFEL devices tested. This implies that the luminescent impurity excitation mechanism for these devices is primarily impact excitation, not impact ionization and that differences in the high energy performance of SrS and ZnS TFEL devices cannot be attributed to differences in the luminescent impurity excitation mechanism.
5-7 Thus, we conclude, in basic agreement with Okamoto et al., [5] [6] [7] that the superior high energy performance of SrS compared to ZnS is due to a more energetic hot electron distribution in SrS compared to ZnS. Moreover, we show that at least a portion of this superior high energy performance of SrS arises from its tendency to more readily form positive space charge than ZnS.
Further evidence that the EL trends are a consequence of SrS having a hotter electron distribution than ZnS is provided by the temperature dependence of the EL spectra. Figure 6 shows the EL spectra for ZnS:Dy and SrS:Dy ACTFEL devices at 30, 150, 300, and 360 K. Figure 6͑a͒ shows that in the ZnS:Dy ACTFEL device the EL intensity of all of the peaks increases as the temperature is reduced. Presumably this temperature-dependent trend is primarily due to having a hotter electron distribution at a lower temperature ͑due to reduced phonon scattering͒, although this trend is also consistent with a decrease in the rate of nonradiative recombination at lower temperature. Moreover, note in Fig. 6͑a͒ that when the high energy portion of the EL spectra is magnified for the ZnS:Dy ACTFEL device, a high energy transition ͓likely 4 M 21/2 -6 H 15/2 but may also contain ( 4 I 13/2 , 4 K 17/2 ͒-6 H 15/2 ͔ at about 405 nm ͑i.e., ϳ3.06 eV͒ becomes evident and its intensity also increases with decreasing temperature. This observation shows that a very small number of hot electrons are present in ZnS up to an energy of ϳ3.06 eV, but that the electron distribution in ZnS is cooler than in SrS, as evident from Fig. 6͑b͒ which shows the temperature dependence of the EL spectra for a SrS:Dy ACTFEL device. It is interesting that not all of the peaks shown in Fig. 6͑b͒ increase monotonically with decreasing temperature; subtle aspects of these temperature-dependent EL spectra is the subject of ongoing research. The main point to recognize from a comparison of Fig. 6 is that it is further evidence that the electron distribution is significantly hotter in SrS than in ZnS.
A very important conclusion of this study is that ZnS is not an appropriate phosphor for blue ACTFEL applications since its hot electron spectrum is inadequately heated to efficiently excite short wavelength luminescent impurities. Figures 1-5 indicate that the ZnS hot electron distribution cuts off at approximately 440-470 nm ͑i.e., ϳ2.64-2.82 eV͒, and that the intensity of the high energy tail decreases rapidly at energies nearing this cutoff. This cutoff agrees quite well high-field transport Monte Carlo simulations reported by Dur et al. which show that the main peak of the hot electron distribution cuts off at about 2.5 eV at a phosphor field of 2.0 MV/cm. 19 In contrast to ZnS, Figs. 1-5 show no evidence for a cutoff in the SrS hot electron distribution out to the range of our detector ͑380 nm or 3.26 eV͒. Moreover, Fig. 1͑b͒ and particularly Fig. 5͑b͒ suggest that the SrS hot electron distribution is well populated even out to ϳ3.26 eV.
As a final comment to Table I, note that the luminances shown in Table I for our devices are very low compared to state-of-the-art, optimized ACTFEL devices. For example, the luminance of true blue ͑i.e., CIExϭ0.17, CIEyϭ0.13͒ SrS:Ag,Cu ACTFEL devices has been reported 20 to be 20 cd/m 2 at 40 V above threshold and of greenish-blue ͑CIExϭ0.26, CIEyϭ0.47͒ SrS:Ce,Cl ACTFEL devices has been reported to be 142 cd/m 2 at 50 V above threshold. 21 These luminances are higher than most of the luminances shown in Table I , even though they are obtained at 60 Hz and those shown in Table I are obtained at 1 kHz. However, the primary point of performing a lanthanide doping study is not to obtain high brightness and efficiency, but rather to assess the high-field transport potential of a given phosphor. Monte Carlo simulation studies of high-field transport in ACTFEL devices indicate that the hot electron distribution is primarily determined by the basic band structure and electron-phonon properties of the bulk phosphor. 19, 22, 23 These studies also show that the hot electron distribution does not depend critically on the type or concentration of defects present in the phosphor since defects give rise to ionized or neutral impurity scattering, which is of negligible importance in determining the hot electron distribution. In contrast, the defect properties appear to be of fundamental importance in establishing the ACTFEL device luminance and efficiency. Therefore, performing a lanthanide doping study is a viable way to assess the high-field transport potential of a phosphor, even when the phosphor luminance and efficiency are poor.
IV. CONCLUSIONS
A comparative study of the ZnS and SrS ACTFEL devices doped with the same lanthanide impurities demonstrates SrS to be a superior high-field electron transport material compared to ZnS. At least a portion of this superior electron transport performance is a consequence of the tendency of SrS to more readily form positive space charge. However, the fact that the average phosphor field in SrS is noticably less than that of ZnS and the significantly better high energy performance of all of the SrS devices tested suggests that the electron high-field transport properties of SrS are superior to ZnS. ZnS does not appear to be a viable ACTFEL phosphor for blue color applications since its hot electron distribution appears to be inadequately heated to efficiently excite short wavelength luminescent impurities. Finally, lanthanide doping studies, such as reported here, appear to offer a viable way to assess the high-field transport potential of a new ACTFEL phosphor, even when the phosphor luminance and efficiency are poor. 
ACKNOWLEDGMENTS

